Charakterystyczne cechy kinetyki sorpcji jonów metali ciężkich z materiałami polisacharydowymi z wodnych środowisk Abstract An investigation of sorption kinetics of heavy metal ions on polysaccharide materials has been performed. Traditionally, kinetic study of ion exchange sorption begins with a determination of the slowest stage of the proces, but the stage of chemical reaction between heavy metal ions and the sorbent functional groups can also make essential contribution. Results of kinetic studies were treated using different kinetic models and, experimental data are described most adequately with pseudo-second order kinetic model. It is determined that polysaccharide materials used in the studies have relatively good kinetic characteristics.
Introduction
The perspective directions of the use of polymeric materials on the basis of cellulose is sorption of heavy metal ions from water solutions of various natures, including food systems, receiving pharmaceutical preparations and dietary supplements to food and also receiving metal nanoparticles immobilised on a polymeric matrix. Therefore, studying the regularities of metal ions sorption on cellulose-containing biopolymers arouses interest of researchers around the world.
To determine the mechanism of adsorption and rate-limiting stage of the process, including the mass transfer and chemical reaction, various kinetic models are used [1] . Advantageously, an ion exchange in a sorbent -water solution system, containing heavy metal ions, can be treated using the general theory of heterogeneous reactions, in accordance with which the process comprises five consecutive steps: 1) diffusion of heavy metal ions from the external solution throw a liquid film (film or external diffusion); 2) diffusion of heavy metal ions through the thickness of the resin grain to its active groups (internal or gel diffusion); 3) chemical ion-exchange reaction; 4) diffusion of counterions displaced from the inner zone to the periphery of the resin grain (gel or internal diffusion); 5) the diffusion of counterions to solution phase through a liquid film (external diffusion).
The purpose of the experimental study of ion exchange kinetics is to identify the limiting, the rate-determining stage of the process. Stages 1 and 5, 2 and 4 are the same by diffusion nature and they are differ only in the direction of movement of exchanging ions and thus the treatment can be restricted with the first three of these stages (or with the latest three stages). The 3 rd stage characterises purely chemical kinetics, analytical expression, which is served by the following formula:
where С τ and С е -are the concentrations of heavy metal ion in solution, respectively, at time τ and after the establishment of equilibrium, K -is exchange constant.
It is well-known that the rate of the sorption process is modified by several parameters, such as the structural properties of the adsorbent (i.e. porosity, specific area, particle size, etc.), the properties of the metallic ions (ionic radius, number of coordination, and speciation), metallic ions concentration, chelates formation between metallic ions, and the adsorbent, etc. In practice, kinetic studies are performed using different initial concentrations of the adsorbate, adsorbent dosage, size of sorbent particles, mixing speeds, temperatures and pH, as well as using various types of sorbates and sorbents. Then, linear regression can be used to determine the most appropriate kinetic equation. In the general case, the adsorption of metal ions increases with time until an equilibrium is established between the amount of sorbate present in the solution and in the sorbent. Typically, the adsorption reaction proceeds rapidly at the initial stage and is slowed down when approaching the equilibrium state. Equilibrium time varies for different sorbates, sorbents, and the initial concentration of the solution.
Theory
To describe the adsorption process, different kinetic models are used, including pseudofirst and pseudo-second-order models, model of reversible reaction of the first order, the model of the external mass transfer and the Elovich model [1] . The most widely used models in the study of adsorption kinetics are the pseudo-first and especially the pseudo-second order kinetic models. Other kinetic models are used less frequently. Thus, it was found [2] that the experimental data on Cr(VI) ions biosorption by modified sawdust have been approximated by a reversible first-order reaction model. Ho and Mc Kay [3] have reported that most of the sorption systems followed a second-order kinetic model. It is important to note that a lot of data on sorption kinetics can be simultaneously well-described using different kinetic models; however, this does not mean that the experimental data do satisfy these models. Sometimes, sorption kinetics models can only be used for evaluation of the process. The most frequently used models are shown in Table 1 [1, 4] . 
where q eq and q -are the amounts of metal sorbed per unit weight of sorbent at equilibrium and at the time t, respectively, mg/g; k 1 -is the rate constant of pseudo-first-order sorption model, min Effect of contact time on the adsorption of Cu (II) on shells of lentil (LS), wheat (WS) and rice (RS) are shown in Fig. 1 [5] .
The first step in studying kinetics of ion exchange sorption is the determination of the slowest stage of the process. In purpose to elucidate the mechanism of the sorption process, the treatment of kinetic sorption curves of heavy metal ions by the equations of diffusion kinetics is used. It is known [6] that for the external diffusion process kinetic curve turns into a linear dependence in coordinates -lg (1 -F) versus t, where t -is time, F -is the degree of achievement of equilibrium in the system, calculated as F = q t /q eq . If this condition is satisfied, it means that at a certain (often initial) time interval the diffusion in the film solution contributes to the overall rate of the process.
If plots of F versus t 1/2 have initial linear part (at short contact times of phases), followed by a curved one, this indicates that the transport of metal ions in the sorbent grain controls the overall speed of the process [6] . Diffusion of ions through the solution film and diffusion in sorbent grain often makes a significant contribution to the overall speed of the process. In this case, the sorption of heavy metal ions takes place in the mixed diffusion mode.
In case of the formation of chelate complexes with metal ions on the sorbent during a sorption process a significant contribution to the kinetics of the ion exchange can also make the stage of chemical reaction between heavy metal ions and the sorbent functional groups. The next stage of the treatment of experimental kinetic data is the use of models to identify the contribution of the chemical stage. Such models include models of pseudo-first order, pseudo-second-order and modified second-order the Elovich model.
In order to determine the adsorption kinetics of Cu(II) ions, on selected cellulose biosorbents scientists [5] checked the first-order and the second-order kinetic models. The kinetic parameters were obtained by fitting data from experiments measuring the effect of contact time on adsorption capacity into pseudo-first and second-order equations.
The first-order rate expression of Lagergren based on solid capacity is generally expressed as follows: where q t -is the amount adsorbed at time t, mg/g; q e -the amount of adsorbed ions at equilibrium, mg/g; k -the adsorption rate constant of adsorption, min
The straight lines of the plot of log(q e -q t ) versus time ( Fig. 2) suggest the applicability of the Lagergren equation for the present system.
However, kinetic studies of biosorption from aqueous solutions of Cd(II) by fern [7] , Pb(II) by a maize (Zea mays) stalk sponge [8] , Cu(II) by peat and peanut shells modified with bicarbonate; Cd(II) by beech leaves and sugarcane; Pb(II) by cypress leaves [9] , show that the most of experimental data are adequately described with the pseudo-second order kinetic model with high linearity coefficients. For example, the kinetics of Pb(II) sorption onto Zea mays biosorbent were well defined using linearity coefficients by the pseudosecond-order equation (0.9998).
The same conclusion was reached by the authors [1, 10] based on an analysis of publications on the heavy metal ions sorption by polysaccharide biosorbents. The authors [5] also used the pseudo-second-order kinetics model to describe the sorption of copper ions by shells of lentils, wheat and rice. 
where k -is the adsorption rate constant, g·mg
A plot of t/q t versus time, shown in Fig. 3 shows that obtained kinetic data are also well described by the pseudo-second order kinetics model.
The plots of q t versus t 1/2 for different adsorbents have a similar general trend and initial curved part, followed by a linear one and then a plateau. The initial curved part may be attributed to the bulk diffusion; the linear one to the intraparticle diffusion and the plateau (1), wheat (2) and rice (3) to the equilibrium. This indicates that the transport of Cu(II) ions from the solution through the particle solution interface into the pores of the particles as well as the adsorption on the available surface of adsorbents are both responsible for the uptake of Cu(II) ions [5] .
It is necessary to note that the pseudo-first order kinetic equation is identical to the equation for the film kinetics. However, in the case of film diffusion, the rate of sorption process depends on the size of the sorbent particles and the film thickness. If the rate-limiting step is chemical reaction, then the rate of sorption process does not dependent on these factors and it depends only on the ion concentration and temperature. Thus, in the case when sorption process is described by the pseudo-first order kinetics model, the diffusion takes place before sorption.
Both of the pseudo-first order and the pseudo-second-order model assume that a chemical reaction is the limiting stage of the sorption process. In this case, it is assumed that the reaction between the sorbate and the sorbent functional group is a second-order reaction, and they interact with each other as 1: 1 [9, 11] .
Based on the data presented in the literature, it can be concluded that despite the use of various models, the pseudo-second-order kinetic model the most correctly describes the kinetics of sorption process of heavy metal ions on cellulose containing biopolymer sorbents ( Table 2 ). 3. Materials and methods
Materials
Cotton cellulose. Cellulose content absolutely dry cotton fibres is approximately 95%. The main impurities -waxy, protein, pectins, hemicellulose, mineral salts, and natural dyes, which are mainly concentrated in the primary side of the channel and cotton fibre [35] . Cellulose is one of the most widespread natural polymers, the main component of plant cell walls, for the mechanical strength and elasticity of plant tissues. For β-D-glucopyranose and its derivatives (including for cellulose) energetically most favourable shape is the C1 chair conformation wherein all of the hydroxyl groups are in the equatorial position, i.e. in the plane of the ring [36] .
Short flax fibre is a secondary product of processing of linen industry of following composition, %: (cellulose (75-78), hemicellulose (9.4-11.9), lignin (3.8), pectin (2,9-, 2), waxy substance (2.7), nitrogen-containing substances based on proteins (1.9-2.1), mineral substances (1.3-2.8) [37] .
Production of textile materials based on flax fibres is accompanied by increased waste production of flax: short fibres and lignified stems of flax (bonfires), which can serve as raw materials for efficient and environmentally friendly sorbents. However, waste resulting from the processing of flax, only partly used in the industry (tow, cleaning material), and linen fire is almost completely burnt [38] .
Wood pine sawdust -is a wood industry waste (composition, % of absolutely dry wood) cellulose -53.8%; hemicellulose -20.5%; lignin -26.9-28.2%; pentosans -10.7-11.2%; mannan -7.1%; galactan -1.5%; ash -0.2-0.23%; extractives -2.0% [39] .
The stems of artichoke is an agricultural waste of the following composition: 25-28% cellulose, 19-21% inulin, 8-10% pectin, 7-8% hemicellulose, 3% starch, 14-17% lignin, 7% organic acids 4-6% protein, 2.4-2.6% minerals, 1.3% fat, 0.6-1.2% of waxy substances, 7.9% water [40] . Amorphous cellulose obtained from artichoke stems core was used as a sorbent.
Wheat bran of the following composition: starch and dextrin -23.5; cellulose -20; pectin -12; hemicellulose -6.3; protein -15.1; ash -4.9; fats -3.8; water -14,4% [41] .
Soybean meal is produced as industrial waste after the extraction of oil from soy seeds by pressing and extraction, and comprise a mixture of cellulose (14%) and protein (45%) and up to 4% of fat [42] .
Soy flour of the following composition: proteins -43-48%, 12-14 sugar, dextrin -8%, minerals -6-8%, fat -8.5% fibre -5-7%.
As a source of metal ions were used CuSO 4 •5H 2 O NiSO 4 •7H 2 O ZnSO 4 •7H 2 O; polysaccharide materials have been treated using NaHCO 3 and NaOH. All reagents were of "chemically pure" grade.
Determination of the carboxyl groups content in polysaccharide materials by the method of potentiometric titration
The number of carboxyl groups in cellulose materials was determined using the classical method based on interaction of acidic groups with calcium acetate and titrimetric determination of the formed acetic acid [43, 44] . Its content per unit of the sorbent mass is assumed to be the carboxyl acidity:
NaOH NaOH (4) where: V NaOH -is the volume of NaOH used in titration, ml; C NaOH -is the concentration of the NaOH solution, mol·l -1 ; m -is the sorbent mass, g.
3.
3. Determination of the specific surface area, pore volume, pore size distribution of the polysaccharide materials by adsorption -desorption of nitrogen
The specific surface S sp , total pore volume and pore size distribution of polysaccharide materials were determined by nitrogen adsorption at 77 K using automated sorption installation Quantochrome NOVA 1200e, USA by the method of Brunauer, Emmett, Teller (BET). Preparation of samples for the study was carried out by degassing of the polymer material under vacuum for 3 hours at 60°C [45] . Taking into account that the size of the specific surface area of cellulosic material in a dry state is small [46] , samples of 0.5-1.0 g were used. Samples were placed in special glass tubes and were heated with simultaneous degassing. Nitrogen adsorption isotherms were received.
Specific surface area (S sp ) is calculated by low-temperature vapour sorption isotherm of nitrogen as follows:
where: A ∞ -is the maximum sorption capacity of the polysaccharide material; N AAvogadro's number; S 0 -the area occupied by one molecule of gas in the adsorption layer.
For hexagonal dense monolayer of nitrogen at 77 K the cross-sectional area S 0 for nitrogen is 16,2 Å 2 .
Kinetics of heavy metal ions sorption on cellulose-based biopolymers
The study of heavy metal ions sorption was carried out under static conditions from aqueous solutions of metal sulphates with stirring and temperature control at 293 K.
Sorption kinetics were investigated by the limited solution volume method [47] . To obtain the kinetic sorption curves, samples of sorbent (m) of 0.1 g were placed in several flasks, filled with 10 ml (V) aqueous solution of metal sulphate and kept from 5 min to 24 h. The initial concentration (C 0 ) of metal ions was 1.5·10 -4 mol·l -1
. The solution was separated from the sorbent by filtration at regular intervals, the current concentration of metal ions (C τ ) being determined using apparatus "Saturn" by atomic absorption spectroscopy. Sorption capacity (A τ ) of sorbents at any given time was calculated by the formula:
At equilibrium, the equilibrium concentration of metal ions in solution (C e ) was determined and the equilibrium sorption capacity of biosorbents (A) was calculated:
Sorption degree α was determined as follows:
The degree of the sorption process completeness (F) was determined as follows:
The distribution coefficient of heavy metal ions (K D ) between the solution phase and the phase of polysaccharide material was determined as the ratio of the concentration of metal ions in the sorbent phase to the concentration of metal ions in solution at equilibrium:
Determination of swelling of polymeric materials
The degree of swelling was determined by the gravimetric method [48] . 10 ml of distilled water was added to the dried sample of the polymer material and the mixture was incubated at room temperature with periodic stirring for 48 hours. Then, the swollen sample was transferred onto a glass filter, the solvent was removed under vacuum (water-jet pump for 5 minutes) and the sample was weighed. The degree of swelling X (g·g where m sw -is the mass of the swollen polysaccharide material; m dr -the mass of the dried polysaccharide material.
Pretreatment of polysaccharide materials
Cotton cellulose was boiled in 5% NaHCO 3 solution for 30 min, then drained, washed repeatedly with distilled water up to neutral pH and dried in an oven at 110°C to constant weight. Air-dried samples had moisture content of 8%.
Artichoke stems previously purified from the outer layer (epidermis, cork, bark, phloem), then white spongy core was dried, crushed and sieved through a sieve with a hole diameter of 300 microns. The samples used were air dried to 6-8% humidity;
Polysaccharide material, such as pine sawdust, wheat bran, soybean meal dried in an oven to constant weight and ground. The crushed materials and soy flour was sieved through a sieve with a hole diameter of 300 microns.
Results and discussion

Evaluation of the sorption capacity of polysaccharide materials based on carboxyl group content
To evaluate the sorption capacity of polysaccharide materials, it is necessary to determine the content of sorption-active groups. In cellulose sorbents, sorption-active groups are mainly the carboxyl groups. Carboxyl groups can exist in cellulose as a terminal and side groups at 2, 3 and 6 carbon atoms. This produces α-hydroxycarboxylic acid, containing -OH groups in the α-position: R-CH (OH) COOH.
The pK a values of acidic groups of cellulose (рК а(СООН) 3,7-3,9):
are in a good agreement with pK a of carbonic acids having OH-group in α-position (рК а(СООН) 3,71-3,83) [49] , and also with literature data for cellulose containing materials (рК а(СООН) 4,0) [44] .
Thus, mechanism of heavy metal ions sorption on cellulose biosorbents is the ion exchange mechanism on carboxylic groups, and biosorbents are the cationites in H-or Na-form:
Curves of potentiometric titration in integral and differential forms for the sorbent from artichoke stems are shown in Fig. 4 and 5 .
The content of -СООН groups in the polysaccharide material from artichoke stems was determined according to formula (4) . The value of the sorbent carboxylic acidity was 0.82 m-eq·g -1 . The polysaccharide material from artichoke stems has the highest content of carboxyl groups among all considered polysaccharide materials. Thus, the content of -COOH groups in the flax fibres and wood pulp, respectively, is 0.46 m-eq·g -1 and 0.34 m-eq·g -1 . The elemental composition of the biopolymer sorbent determined using Flash EA 1112 analyser (C -41.1%; H -6.1%) indicates its polysaccharide nature (-С 6 Н 10 О 5 -) n .
Study of polysaccharide materials by the method of adsorption -desorption of nitrogen
Study of polysaccharide biosorbents by the method of adsorption -desorption of nitrogen allows to determine the specific surface, the average pore diameter and total pore volume (instrument Quantochrome NOVA 1200e, nitrogen adsorption proceeds at 77 K). The adsorption -desorption isotherms on the polysaccharide sorbent from artichoke stems, as well as pore size distribution in integral and differential form are presented in Fig. 6-8 .
Comparing the obtained values of specific surface area (S sp ), the pore volume (V) and pore diameter (D) for cellulose, core artichoke stems, flax fibres with literature data for a number of cellulosic materials is shown in Table 3 .
When comparing obtained S sp values for investigated polysaccharide sorbents with a surface area of a number of secondary agriculture products (wheat straw -10 m ) [50] , it is possible to conclude that the investigated polysaccharide materials have rather developed surface for cellulosecontaining materials. Smaller pore volume compared with the literature data is due to the use of different methods for determining, and it is defined for pores with a diameter less than 180.5 nm. The values of the pore diameter of cellulose materials coincide with the data [35] and evidence about their microporous structure. 
The kinetics of sorption of heavy metal ions on cellulose-containing biopolymer materials
Kinetic studies were performed to determine the equilibrium time at distribution of heavy metal ions in heterophase system "polysaccharide material -the aqueous metal salt solution", as well to determine the influence of mixing on the sorption process and to establish the limiting stage of the process. Kinetic curves of metal ions sorption on polysaccharide sorbents were treated using pseudo-first and pseudo-second order kinetic models.
To determine the equilibrium sorption time in the heterophase system "aqueous solution of zinc sulphate -sorbent" kinetic curves were obtained for sorption of Zn(II) on wheat bran and soybean meal. As it is shown in Fig. 9 , the equilibrium at distribution of zinc ions without agitation is reached relatively slowly -for 2 hr in the case of wheat bran and for 8 hr -in the case of soy flour. Wheat bran and soybean meal show the sorption capacity values of respectively 9.2•10 -3 mol•kg -1 and 8.4•10 -3 mol•kg -1 (sorption degrees are equal to 61% and 55%). Fig. 10 shows the kinetic curves of copper ions sorption from aqueous CuSO 4 solutions on cellulose, sawdust and flax fibres.
There are observed significant differences in the kinetics and thermodynamics of copper ions sorption on cellulose-containing materials. Equilibrium in the distribution of copper ions without stirring is set at 40 min for flax fibre, at 30 min for sawdust, and after 1 h -for cellulose. The obtained values of sorption capacity were (mmol•kg -1 ): for flax fibre -10.1; for sawdust -9.5; for cotton cellulose -7.1. The observed differences in equilibrium and kinetic characteristics are related to the different ratio of crystalline and amorphous regions in their structure [51] . With the increase of the amorphous part of cellulose materials, the swelling rate and the amount of absorbed water increase; simultaneously increases the sorption capacity towards other hydrophilic compounds. This permits to explain the observed differences in the sorption of heavy metal ions. Swelling of cellulose-containing materials in water as compared with activated carbon and ion-exchange resin Lewatit S-100 is presented in Table 4 . ; X -swelling of the sorbents in water.
Sorption capacity values of the studied cellulose-containing materials with respect to copper ions decreased in a row: a short flax fibre > sawdust > cotton cellulose. This number is consistent with a decrease in the proportion of amorphous regions of cellulose in these sorbents. Thus, cellulosic materials capable of good swelling in aqueous solutions show better sorption characteristics due to the greater content of the amorphous regions in their structure.
To determine the rate-limiting step of the sorption process, the plot of the dependence of the degree of sorption process completeness (F) versus time (τ) was received. As it shown in Fig. 11 , a half-sorption period proceeds within 7 min for sawdust and 12 min -for flax. The initial linear section of the plot of F versus √τ (Fig. 12) suggests a significant contribution of intraparticle diffusion to the mechanism of Cu(II) sorption on sawdust and flax fibres.
Final conclusion on the rate-limiting step of the process of heavy metal ions sorption on polysaccharide sorbents was done on the base of kinetics study of Zn (II) sorption on sawdust with interruption sorbent -solution interfacial contact. It is known that the kinetic sorption curves are not the same in experiments with -and without interruption of phase contact in the case of intraparticle diffusion kinetics [47] .
The experimental data plots of F versus time (τ) for Zn(II) sorption with interruption of interfacial contact (δτ) for 2 h and without phase separation indicated that the kinetic curves are not identical (Fig. 13) . This indicates that the rate of Zn(II) sorption on sawdust is limited by diffusion of ions inside the polymer granules (intraparticle diffusion kinetics).
Kinetic experiments on heavy metal ions sorption on polysaccharide materials were also performed with shaking. It has been found that shaking does not affect the sorption capacity of tested materials at equilibrium, but it significantly impacts the equilibration time (τ е ) in the heterophase system. In experiments with shaking τ е values decreased markedly and were 10 min for sawdust, 15 min for flax fibre, 30 min for cotton cellulose, 45 min for wheat bran and 1 h for soybean meal.
The equilibrium time in the heterophase system "the polysaccharide sorbent -aqueous solution of metal salt" is also influenced by the treatment of biopolymer materials with alkaline solutions.
Cellulose and flax fibre were subjected for 30 min activation in 5% NaHCO 3 solution under boiling condition and in 0.05% solution of NaOH at room temperature, respectively. Figs 14 and 15 show the kinetic sorption curves of Cu(II) and Ni(II) on cotton cellulose treated with NaHCO 3 , and Cu(II) on artichoke stems, soybean meal and flax fibres treated with NaOH.
As Fig. 14 shows, the equilibrium time in heterophase system "cotton cellulose -aqueous solution of the metal sulphate" is reduced to 10 min with the use of cellulose treated with NaHCO 3 , regardless of the metal nature. Sorption capacity of polysaccharide material is influenced by the metal nature. It is necessary also to note the effect of NaHCO 3 solution treatment on the sorption capacity of cellulose. The sorption capacity of the cotton cellulose as a result of its treatment increases at 10%.
As in the case of cellulose, the treatment of flax fibre with NaOH solution reduces the equilibrium time in heterophase system and increases the adsorption capacity of polysaccharide material.
In order to determine the adsorption kinetics of Cu(II) ions, the first-order and secondorder kinetics models were checked [52] . Treatment of kinetic curves of Cu(II) sorption on soybean meal, artichoke stems and flax fibres using the kinetic models of pseudo-first and pseudo-second order is shown in Fig. 16 and 17 .
The straight line of the plot of lg(С e -C τ ) versus time (Fig. 16 ) suggests the applicability of the pseudo-first-order kinetics model for the present system. However, relatively low correlation coefficients: 0.95 for artichoke, 0.93 for flax and 0.91 for soybean meal were obtained in the treatment of kinetic curves.
As a result of the treatment of the kinetic sorption curves in the coordinates t/C -time (Fig. 17) by the method of least squares performed using Origin, high correlation coefficients (0.999) for all polysaccharide materials were obtained.
Conclusions
Sorbents of plant origin on the base of cellulose represent undoubted practical and scientific interest from the point of view of their use in processes of heavy metal ions sorption from water solutions. They are characterised by the existence of a renewable base of raw materials, low cost especially in the case of agricultural waste. Investigations of kinetics and thermodynamics of heavy metal ions distribution in the heterophase system "water solution -biopolymer" allow to optimise conditions of carrying out the sorption process in relation to a specific technological objective.
Analysis of the above presented literature data, and the data obtained in this study, permits to conclude that the kinetics of heavy metal ions sorption by polysaccharide absorbents is most correctly described by the pseudo -second order kinetics model. 
